This report describes the application of magnetic compound fluid (MCF) rubber as a material for microwave heating. MCF rubber is one of several new composite materials utilizing MCF as a newly developed magnetic responsive fluid developed by Shimada. The temperature of water in a PP container enveloped by MCF rubber in a microwave oven was measured at various mass concentrations of magnetic particles in the MCF rubber. The measurements were compared to those of MCF rubber in a microwave oven. The results showed an optimum mass concentration in relationship to the increase or decrease of the water temperature. At less than about 50 wt% and more than about 90 wt% of the magnetic particles in the MCF rubber, changes in the water temperature were small but those of the MCF rubber were large. However, in the range of about 60 -80 wt%, changes in the water temperature were large but those of the MCF rubber were small. To explain the experimental data, we derived a simple microwave heating theory and measured experimental data for the complex permittivity and permeability of the MCF rubber. This could partly explain the experimental results qualitatively. We also found in the present study that iron particles are better for the MCF rubber in microwave heating than copper or nickel particles. In conclusion, the MCF rubber is a useful material for microwave heating in a microwave oven.
Introduction
In order to further develop engineering technology, investigations of new composite materials are needed, for example, in the fields of robotics, sensing, and elsewhere. In response to this need, Shimada has demonstrated experimentally the use of his developed intelligent fluid, a magnetic compound fluid (MCF) [1] [2] [3] . It was created by compounding the nm-size magnetite of magnetic fluid (MF) and the µm-size iron particles into a single solvent, thereby essentially producing a mixture of MF and magnet-rheological fluid (MRF). The apparent viscosity of MF under a magnetic field is lower than that of MRF [4] . However, the stability of the particle distribution in a MF solvent is greater than that of MRF. Thus, the apparent viscosity of the MCF can be changed by changing the composition of the magnetic particles and the solvent.
MCF can have many magnetic clusters [5] . Shimada succeeded in extracting magnetic clusters from the MCF and MRF [5] . Since we have dealt with their behaviour, we can propose many engineering applications utilizing MCF [6] . For example, rubber having magnetic clusters can be proposed as a new composite material that responds to a magnetic field. By compounding the MCF into a silicon-oil rubber, the magnetic clusters can be aligned in the rubber by drying under the application of a magnetic field [7] . The MCF rubber has anisotropy of magnetic characteristics and telescopic motion and is thus useful for engineering applications.
An application for microwave heating utilizing the MCF rubber is effective because of the confirmed phenomena that water inserted in a container covered by the MCF rubber in a microwave oven can be boiled faster. The MCF rubber is, thus, useful as a material for microwave heating in a microwave oven.
Therefore, we investigated experimentally the temperature of the water inserted in a container covered by MCF rubber in a microwave oven. The cause of the results was also investigated by using experimental data for the complex permittivity and permeability of the MCF rubber and a simple microwave heating theory. 
Experimental procedure
In order to make the MCF rubber, we compounded cabonyl Fe particles in a sphere shape at 1.2 µm of mean diameter (HQ, Yamaishi Metal Co. Ltd. in Japan) and kerosene-based MF (EXP01052, 50 wt% at shpere Fe3O4 with 10nm diameter, Ferrotech Co. Ltd. in Japan) into silicon-oil rubber (SH9550, Toray Dowcorning Silicon Co. Ltd. in Japan). The ingredients of the MCF rubber are shown in Table 1 . A polypropylen (PP) container of 73 mm x 73 mm and 38 mm in height was wrapped by the MCF rubber, as shown in Fig. 1 . Fifty grams of water were inserted into the PP container, and its temperature was measured by a thermocouple inserted into it. The PP container was put in a microwave oven (ERD20, Yoshii Electric Co. Ltd. in Japan) with a natural frequency of 2.45 GHz and power of 700 W, as shown in Fig. 2 . For contrast, only MCF rubber with a thermocouple inserted inside it was simultaniously put in the microwave oven, and the temperature of the MCF rubber was measured. At first, the two items were heated under 10 seconds. We waited until the temperature became constant. Next, they were heated under 20 seconds. We waited again until the temperature became constant. Next, they were heated under 30 seconds. These steps were repeated. The measured temperature had to be accepted under the condition that no heat was applied by the microwave oven. Figure 3 shows the change of temperature by the heating times of the water. In the figure, "PP+SH9550"means the PP container wrapped by the silicon oil rubber SH9550 and "PP+MCF" means the PP container wrapped by the MCF rubber, and "PP" means the PP container without any wrapping by the MCF rubber. At the cases of "PP+MCF" with HQ at 7g, MF at 4g, SH9550 at 7g and "PP+MCF" with HQ at 12g, MF at 2g, SH9550 at 4g, the temperature increase in the initial time range was very large. In order to investigate the experimental data, we examined the effects of the mass concentration of magnetic particles, Fe and Fe3O4, on the temperature. Figure 4 shows the temperature increase of the water from the initial state before heating in the case of the "PP+MCF" type. By contrast, Fig. 5 shows the temperature increase in the case of only the MCF rubber. At less than about 50 wt% and more than about 90 wt% of the magnetic particles in the MCF rubber, the temperature increase of the water was small, but that of the MCF rubber was large. On the other hand, in the range of about 60 -80 wt%, the temperature increase of the water was large, but that of the MCF rubber was small. Thus, there is an optimum mass concentration for increasing or decreasing the water temperature.
Experimental RESULTS

Discussion
As shown in hand, the water can obtain the energy F3 from the PP and MCF rubber as thermal conduction. As a result, F2+F3 is given to the water. Now, we consider the results of Figs. 5 and 6. At less than about 50 wt% and more than about 90 wt% of magnetic particles in the MCF rubber, under the assumption of F2<<F1, the electrons from the microwave oven were caught by the magnetic particles in the MCF rubber. Therefore, the temperature of the MCF rubber increased but that of the water decreased.
In the range of about 60 -80 wt% of the magnetic particles in the MCF rubber, under the assumption of F1<<F2, the electrons from the microwave oven were not easily caught by the magnetic particles in the MCF rubber. Therefore, the temperature of the MCF rubber decreased but the that of the water increased.
In the microwave theory, it is very important to investigate the complex permittivity. Figures 7 and 8 show the results with MCF rubber. As the frequency increases, ε' decreases very little, but ε'' increases. The power P transmitted to the water from the microwave oven through the MCF rubber and PP container can be shown by Eq. (1) from the microwave heating theory. P is related to F2 and the increasing temperature of the water in the container. Where R means the MCF rubber, PP the PP container, and W the water. In the present work, when we consider the thickness d R = d pp =0.001m, d W =0.055m， the square S R = S PP = S W = 0.0217m2，PP' =5.642，and PP" =0.5642，W' =2.682，and W" =0.2682, and the data of Figs. 7 and 9 at the natural frequency of microwave oven of 2.45 GHz, we can obtain the results of (ac-bd)/(a 2 +b 2 ). From Fig. 9 and Eq. (1), as the magnetic particles increase in the MCF rubber, the temperature of the water at first decreases and then increases. On the other hand, permeability is also an important factor in microwave heating. Figures  10 and 11 shows the complex permeability of MCF rubber. From Fig. 11 , the relationship between imaginary part of the permeability and the mass concentration of the magnetic particles is obtained, as shown in Fig. 12 . The results of Fig.  12 show that the MCF rubber increases as the mass concentration of magnetic particles increases. From Fig. 9 and 12, we can obtain the following results. At less than about 50 wt% of magnetic particles in the MCF rubber, the increase in the temperature of the water is small because F2 decreases as the mass concentration of magnetic particles increases. However, the temperature of the MCF rubber increases because the electrons from the microwave oven are caught by the magnetic particles in the MCF rubber and then ε'' increases. On the other hand, at more than about 90 wt% of magnetic particles in the MCF rubber, F2 and ε'' increase with an increase in the mass concentration of the magnetic particles. If we consider that the increasing ratio of ε'' is larger than that of F2, the electrons from the microwave oven are caught by the magnetic particles in the MCF rubber, and the temperature of the MCF rubber increases. Therefore, we can understand that F2<<F1 and that the increase of the water temperature is small.
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Effect of metal particles
In such as the experimental data shown in Fig. 3 , we investigated the effect of different kinds of metal particles: Fe, Cu and Ni. Figure 13 shows the changes of temperature by heating times of the water. When we use Fe particles in the MCF rubber, the changes in the water temperature occur dynamically with changes in the mass concentration of the magnetic particles. 
Conclusions
The temperature of water in a PP container enveloped by MCF rubber in a microwave oven is changed by changes in the mass concentration of magnetic particles in the MCF rubber. At less than about 50 wt% and more than about 90 wt% of magnetic particles in the MCF rubber, we can explain the experimental data by a simple microwave heating theory and from measurements of the experimental data for the complex permittivity and permeability of the MCF rubber. The Fe particle is better for the MCF rubber in microwave heating than the Cu or Ni particles. Our MCF rubber is useful as a material for microwave heating in a microwave oven.
